Downloaded from orbit.dtu.dk on: Dec 17, 2017

Technical University of Denmark

=
—
—

i

High frequency microphone measurements for transition detection on airfoils

Dgssing, Mads

Publication date:
2008

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Dgssing, M. (2008). High frequency microphone measurements for transition detection on airfoils. Danmarks
Tekniske Universitet, Risg Nationallaboratoriet for Beeredygtig Energi. (Denmark. Forskningscenter Risoe.
Risoe-R; No. 1645(EN)).

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://orbit.dtu.dk/en/publications/high-frequency-microphone-measurements-for-transition-detection-on-airfoils(f7a0b531-1ab8-451f-8b8d-d8d690132c0f).html

High Frequency Microphone

Measurements for Transition Detection
on Airfoils

Mads Dgssing

Risg—R—1645(EN)

h

B118-Re3a, Suction side, Re = 3.0e6

(P cont.’
B118Re30M15Ncr9.pol --------
B118Re30M15Ncr8.pol -
0.8
0.6
)
x
0.4
0.2

al]

A M RIS

-

Risg National Laboratory
Technical University of Denmark
Roskilde, Denmark

June 2008

RISO

=
—]
f—

i






Author: Mads Dgssing

Title: High Frequency Microphone Measurements for Transition &te on
Airfoils

Department: Aeroelastic Design - Wind Energy Department

Abstract:
Time series of pressure fluctuations has been obtained tgjhg
frequency microphones distributed over the surface obisriun-

dergoing wind tunnel tests in the LM Windtunnel, owned by 'L|

Glasfiber’, Denmark. The present report describes the dakgsis,

with special attention given to transition detection. laigued that

the transition point can be detected by observing the iseré@athe
mean of the Fourier spectre and that this method is veryestedrh a
numerical point of view. Other important issues are alsouised,
e.g. the variation of pressure standard deviations (souesspre)
and Tollmien-Schlichting frequencies.

The tests were made at Reynolds and Mach numbers corres
ing to the operating conditions of a typical horizontal axiad tur-

bine (HAWT). The Risg B1-18, Risg C2-18 and NACAO0015 profi
were tested and the measured transition points are reported

Risg—R—-1645(EN)
June 2008

ISSN 0106-2840
ISBN 978-87-550-3674-1

M

pond-

es

Contract no.:
ENS 033001/33033-0055

Group’s own reg. no.:
1110060-04

Cover:

The transition to turbulence, detected
using Fourier spectra data for a clean
Risg B1-18 profile, is compared to
XFoil results

Information Service Department
Risg National Laboratory
Technical University of Denmark
P.O.Box 49

DK-4000 Roskilde

Denmark

Telephone +45 4677 4004
bibl@risoe.dk

Fax +45 4677 4013
www.risoe.dk




Contents

List of symbols 3

1

Introduction 3

Experimental setup 5

Data processing 7

Discussion 9

4.1
4.2
4.3
4.4
45
4.6
4.7
4.8

Correlation between standard deviations and trangitiont 9
Filtered VS unfiltered standard deviation data0

The magnitude and scaling of standard deviation dat@
Fourier analysis 11

Tollmien-Schlichting frequencies 12

Development of boundary layer visualized by Fouriectpe 12
Correlation betweemax{%} and transition 13

Accuracy 14

Results 15

51
5.2
5.3
54
55

Transition points on clean profiles15
Effect of leading edge roughnessl6
Effect of trip wire 17

Effect of ZZ90 18

Effect of turbulence grid 19

Archived data 20

Conclusion 21



List of symbols

T Sampling time [s]
N # samples []
F Sampling frequency [Hz]
Y Sample vector [Pa]
Y Sample mean [Pa]
o Sample standard deviation [Pa]
a Angle of attack [deg]
x Chordwise position [m]
Re &) Reynolds number [-]
Ps Power spectrum of [Pa]
K Fourier window size [-]
f1, f2 High and lower bound of filtered [Hz]
M, Statistical moments d® of ordern [Hz]
x Chordwise coordinate (positive from leading edge to tngikdge) [m]
Z Spanwise coordinate [m]
X Transition point [m]
¢ Chord length [m]
0.5pU? Dynamic pressure [Pa]
frs Tolmien-Schlichting frequency [Hz]
w Tolmien-Schlichting frequency [rad/s]
U Incoming velocity (in windtunnel) [m/s]
0" Displacement thickness [m]
Uo Tangential velocity at distan@ from profile [m/s]

v Kinematic viscosity [M/s]

1 Introduction

This report describes high frequency microphone measurenom aerofoil profiles used on
horizontal axis wind turbines (HAWT) and discusses the teslihe measurements was made
in 2007 on the NACAO0015, Risg B1-18 and C2-18, in the LM wimaitel owned by 'LM
Glasfiber’ in Lunderskov, Denmark. The Reynolds numbergearfrom 1.6e6 to 6.0e6 corre-
sponding to Mach numbers in the range 0.08 to 0.30.

The microphones are build into the structure on the suctimhpessure side of the airfoils,
thereby causing minimum disturbance to the flow. Time sarfgwessure fluctuations at dif-
ferent positions are then recorded simultaneously, emglttie variation of properties over the
profile to be studied. The angle of attack, freestream vilaeid turbulence intensity has been
varied and different kinds of boundary layer control desib@s been used (ZZ tape, leading
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edge roughness (LER), trip wire/bump tape). A large amotiatata has therefore been ob-
tained and analysed. A comprehensive set of results is foureferences [1], [2] and [3]. In
this report the data process is described and generalsesalpresented.

The detection of transition from laminar to turbulent flowtive boundary layer is important
and various statistical quantities of the pressure fluxinatand their Fourier spectra has been
examined in order to define a suitable method. The tranditidarbulence is associated with
a large increase in the standard deviation of the pressweiditions and this fact has been
used to detect the transition succesfully in many casesortinfately there is a number of
downsides to this method. Among others, in many cases thsiti@n is not represented by a
signifant peak or sudden increase in the standard deviatidra stable numerical detection of
transition is not easily defined.

The Fourier spectrum of the pressure fluctuations contaretative large amount of high fre-
guencies in a turbulent flow but not in a laminar flow, wherekigaound noice and freestream
turbulence are dominating. Further, the onset of insigbdppears at the Tollmien-Schlichting
frequency and this appears as a peak in the spectrum. TheeFspectrum therefore contains
important information regarding the nature of the boundaygr. A numerical method based
on detection of the increase of the mean of the Fourier sp@tttransition has proven suc-
cesfull and has allowed a vast amount of data to be analyznatically. The maximum
derivative is detected and therefore the transition in eg} This can happen over a substan-
tial part of the chord and this must be kept in mind when exargithe results. The onset of
instability can be detected manually by observing the TiirSchlicting waves and the first
significant change in the spectra. However, this is not yakihe automatically and has not
been succesfully implemented.

At Risg DTU Wind Energy Department, profile design for honitad axis wind turbines is
ongoing, and the experimental determined transition paing¢ important for validation of the
aerodynamic models used in the design process, where thdated transition point is a cru-
cial parameter. In the sommer of 2008 high frequency miasapk will be mounted on a full
size turbine to further investigate the 3D flow over real bdt is known that 3D effects can
cause transition nearer to the leading edge than in a 2D fltheatame Reynolds number and
angle of attack. Microphone measurements will provide éataalidation of numerial mod-
els predicting this effect. It is believed that the same meéshof data analysis and transition
detection as described in this report can be used in the 38 cas

The numerical data process is descriped mathematicallcitios 3 and the method for transi-

tion detection is written in detail. Section 2 describesgkygerimental setup and in section 4 the
results are discussed. Some general observations regadiaffective and stable numerical

analysis is also given. Qualitative results are given inise®.
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2 Experimental setup

The LM windtunnel owned by 'LM Glasfiber’ in Lunderskov, Deark is used. 3 different
airfoils has been tested: Risg B1-18, Risg C2-18 and NACE500

High frequency microphones are distributed over the snaiiod pressure side mainly in the
chordwise direction. Figure 1 illustrates this, noticet tth& microphones are also displaced in
the spanwise direction in order to avoid disturbances frpstr@am microphones, see Figure 2.
At some chordwise positions the microphones are distribotainly in the spanwise direction,
this is seen in Figure 2. Data from these microphones candzbtosstudy spanwise variations
but in this report focus is on the chordwise distributed wtrones.

Figure 1: Microphone positions on suction (upper) and pressuredipaide of a NACA-0015
airfoil

Trailing Edge

Leading Edge

Figure 2 Example of spanwise and chordwise distribution of mickpds (airfoil is seen from
leading edge, suction side)

The chordwise microphone layout for all profiles are seenahl§ 1 and 2x andz are the
chordwise and spanwise coordinates respectieas/the chordlength.

Risg—R-1645(EN) 5



B1-18 C2-18 NACAO0015

x/c zlc xlc zlc x/c zlc
0.0000 0.0000 0.0000 0.0000 0.0100 unknown
0.0013 0.0100 0.0013 0.0100 0.0250 unknown
0.0065 0.0200 0.0065 0.0200 0.0400 unknown
0.0190 0.0300 0.0190 0.0300 0.0600 unknown
0.0293 0.0349 0.0293 0.0349 0.0900 unknown
0.0422 0.0399 0.0422 0.0399 0.1050 unknown
0.0574 0.0449 0.0574 0.0449 0.1200 unknown
0.0742 0.0499 0.0742 0.0499 0.1400 unknown
0.0920 0.0549 0.0920 0.0549 0.1800 unknown
0.1106 0.0599 0.1106 0.0599 0.2000 unknown
0.1297 0.0649 0.1297 0.0649 0.2300 unknown
0.1489 0.0699 0.1489 0.0699 0.2600 unknown
0.1880 0.0799 0.1880 0.0799 0.3000 unknown
0.2277 0.0899 0.2277 0.0899 0.3300 unknown
0.2683 0.0998 0.2683 0.0998 0.3750 unknown
0.3103 0.1098 0.3103 0.1098 0.4500 unknown
0.3542 0.1198 0.3542 0.1198 0.5667 unknown
0.4000 0.0004 0.4000 0.0004

0.4471 0.0104 0.4471 0.0104

0.4950 0.0203 0.4950 0.0203

0.5432 0.0303 0.5432 0.0303

0.5916 0.0403 0.5916 0.0403

0.6400 0.0503 0.6400 0.0503

0.6884 0.0603 0.6884 0.0603

0.7365 0.0703 0.7365 0.0703

0.7848 0.0802 0.7848 0.0802

0.8330 0.0902 0.8330 0.0902

Table * Microphone positions on suction side (chordwise)

B1-18 C2-18 NACAO0015

x/c zlc x/c zlc x/c zlc
0.0000 0.0000| 0.0000 0.0000| 0.0100 unknown
0.0027 -0.0135 0.0127 -0.0600 0.0250 unknown
0.0127 -0.0270 0.0389 -0.0735 0.0400 unknown
0.0389 -0.0405 0.0828 -0.0869 0.0600 unknown
0.0828 -0.0540 0.1372 -0.1004 0.0900 unknown
0.1372 -0.0674 0.1954 -0.1139 0.1050 unknown
0.1954 -0.0809 0.2534 -0.1274 0.1200 unknown
0.2534 -0.0944f 0.3688 -0.1544 0.1400 unknown
0.3108 -0.1079 0.4288 -0.0372 0.1800 unknown
0.3688 -0.1214f 0.4915 -0.0520 0.2000 unknown
0.4288 -0.0055 0.5564 -0.0655 0.2300 unknown
0.4915 -0.0190 0.6197 -0.0789 0.2600 unknown
0.5564 -0.0325 0.7990 -0.1194 0.3000 unknown
0.6197 -0.0460

0.6803 -0.0594

0.7400 -0.0729

0.7990 -0.0864

Table 2 Microphone positions on pressure side (chordwise)
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The airfoils are tested at different Reynolds and Mach nus)f@ble 3.

~Re  Ma
~1.6e6 0.08
3.0e66 0.15
4.0e6 0.20
5.0e6 0.25
6.0e6 0.30

Table 3 Inflow conditions

A number of devices has been used to alter the incoming flovttedoundary layer, Table 4.

Clean profile

7790 x/c=5% on suction sid&/c=10% on pressure side
LM standard LER. ZZ 2%

Trip wire. Bump tape 2%

No grid

Turbulence grid 200mm200 mm
Turbulence grid 200mm100mm
Airfoil chord: 900 mm

Table 4 Physical devices

Data is sampled at 50000 Hz in 10seconds for all microphdnadtsineously. The experiment
is repeated for different angles of attack and setups. Theopihones has a very small response
for frequencies larger than 25000 Hz and therefore a low filéessis not used.

3 Data processing

A number of statistical quantities has been calculated antpared in order to detect transition.
In the following the process of determining the standardat@n of the pressure fluctuations
and fourier spectra data is described. These quantitiegsafell for studies of the boundary
layer and for determining the chordwise position whereditéon occours.

The sampling time wa$=10 seconds resulting in time series for each microphonsistimg
of N=TF values wherd=-=50000Hz is the sampling frequency. This yields a sampleciar
Y containing the discrete pressure values

Y ={y1,...¥n, ~~~yN}T

The sample mea¥i and standard deviatiomis

— 1 N

Y = NnZlYn (1)

o= |13 o7 @
Nn:l

Y was in all cases small comparedaoThis was expected because the microphones measures
the pressure fluctuations ontyis a measure of the total energy of the fluctuations and toezef
this quantity is expected to increase when the transitidartoulent flow occours. The positions
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of the microphones are known and therefore the standardtimviversus chordwise position
can be establisheai(x). Further, since experiments are carried out at differegtesnof attack
a, this can be extended to including this dependencysie.a). o(x,a) is discrete according
to the discrete values afanda.

Y can be represented by a Fourier series with power spe¢um

1 Kz 21kn

21kn .
Yn ~ an+k;) (akcosK+ka|nK) 3)

Ps=4/a+b} ,ke[0,K/2] (4)

The Fourier coefficients are calculated by dividivignto overlapping windows of siz& =
4096. Each window is multiplied by the Hann window functiardahe window-mean is sub-
tracted. The Fourier coefficients are then calculated foh @dndow using the
gsl_fft_real_float_radix2_transform

algorithm of the GNU Scientific Library (v. 1.9). Finally threean of all sets of Fourier coef-
ficientens is calculated, resulting & andby of equations 3 and 4. It is assumed that aliasing
is not a problem because the microphones has very littleorsspto frequences as high as
the Nyquest frequency = 25000 HzThe frequencies according to valueslofire fk:'%,
thus fi € [0, %]= [0, 25000 HZ. The frequency domain is therefore resolved into intereéls
Af=12.20Hz which is assumed sufficiently small to show any irtgya peaks in the power

spectrum.

Notice that the calculated fourier coefficients are to snitause of the application of the
Hann window function. However this error is systematic aadicgag as only qualitative prop-
erties are needed it is not relevant.

The standard deviation of a time series can be found as

®)

Using this result filtered standard deviations can be fouedby settingac=bx=0 for k-values
according to selected frequencies those frequencies aiaatoded in the calculation of the
filtered standard deviation. In the following, only freqa&ss in the rangd € [f1, fy] are in-
cluded. Typical values aré € [200Q 2500Q. Because of the limited number of fourier co-
efficients this approximation is not accurate but does pi®an easy way to examine which
frequencies contributes t In particular it is sometimes usefull to filter away low fresncies
which in general are associated with the formation of ladgies in stall.

Important: The application of the Hahn-window functioneatf the results, leading to too
low values of g, by and therefore als@, if calculated using (5).

Statistical properties of the powerspectrum are calcdlateraw moments afth order
J(f —w)"Psd f

b= " Rdf
However, the first moment is calculated about zero
J fPsdf
M= TRt

The above formulas are equivalent to treating the powertspacas a probability density
function with meary,;. Studies show that the maximum positive derivativgipfvith respect
to chordwise position is a good and numerically stable imfic of the transition point. The

11t turns out that the microphones can in fact detect such higiuencies, but it does not influence the results
significantly

8 Risg—R-1645(EN)



higher order moments did not yield any consistent resultvaiti not be treatet further here.
In the following transition is defined as

dpa d
Xer = {x | = = max<) }
' < dx

dx

Calculating a derivative by numerical means is not easy dubd fluctuations of the experi-
mental data. Therefore the data must be smoothed usingablgufitinction. Figure 3 shows an
example. Notice that the value of the derivative can eaglyiong by a factor of 2 or more.
In many cases there is signifcant noise at the leading eddeha result can be that the dataset
is smooth’ed to much. This leads to a maximum derivative taifsstream, and therefore the
transition point can in some cases not be found accuratelythe leading edge. Contour plots
of Yy avoids these problems and will clearly show what is correct.

8000

4 raw data

70001 A ——smooth data ||
A
__ 6000}
N /
L [
~» 5000} | VN
e |
~ |
3 |
4000t X\Q
\
3000 & A
N
Y n
2000 : 2 :
0 0.2 0.4 0.6 0.8 1

x/c [-]

Figure 3 Example of raw and smooth data

4 Discussion

The following discussion is based on quantities calculagsdlescribed in section 3. Only
guantities related to the suction side is treated but alk datvailable for the pressure side
as well.

4.1 Correlation between standard deviations and transition point

Figure 4 shows plots of the calculated st.dev. versus chisedposition and angle of attack for
a clean B1-18 profile at a Reynolds numbeR&E1.6e6. There is a clear correlation between
the peaks of the st.dew.and the transition poing;. It is also seen that increases substantially
in stall, especially near the trailing edge where largeivestare sheed.

Risg—R-1645(EN) 9



B118-Re16a, Suction side, Re = 1.6e6, f; = 0 Hz, f, = 25000 Hz B118-Re16a, Suction side, Re = 1.6€6, f; = 0 Hz, f, = 25000 Hz

R ‘ 6 contour '
0.9 B118Re16M08Ncr9.pol -—------ i
) Lo B118Re16MO8NCr8.pol -

08 o B118Re16MOBNIBPQl
' VO B118Re16MOBN ??? ?
0.7 '\

0.6

0/0.5pU%

0.5

oooo _ocoo
I e ey
[SHENC N INGY

x/c[]

0.4

0.3

N
o

0.2

0.1

al’]

Figure 4 Left: Standard deviations. Right: Countour plot of staddadeviation and transition
points calculated in XFoll

The XFoiP data is calculated at 4 differeNt; values (4, 6, 8 and 9) corresponding to turbu-
lence intencities of the incoming flow of 0.563%, 0.245%08% and 0.07% respectively. The
result shown here is very good but in general the data is h&wdeterpret for higher Reynolds
number, increasing turbulence intensity and use of ZZ9®R EE.. Therefore, the method of
subsection 4.7 is preferred.

4.2 Filtered VS unfiltered standard deviation data

Figure 5 shows the st.dev. of a clean B1-18 profile at a Regnulinber oiRe=4.0e6, calcu-
lated with and without filtering of frequencies. The filtegiproduces a cleaner picture and it is
clear where the low frequencies contributes significamtly.tl.e. in the deep stall region start-
ing a small distance from the leading edge. Notice that theegaof the filtereay are artificially
lower than the unfiltered because of the Hann window as exgudbin section 3.

B118-Re4a, Suction side, Re = 4.0e6, f; = 0 Hz, f, = 25000 Hz B118-Re4a, Suction side, Re = 4.0e6, f; = 2000 Hz, f, = 25000 Hz

0/0.5pU?

Figure 5 Left: Standard deviations without filtering. Right: Stand deviations of frequencies
above 2000Hz

4.3 The magnitude and scaling of standard deviation data

In the following clean profiles are discussed.

The standard deviation of the pressure fluctuations arectglthe dynamic pressure5pU?2
_9
0.5pU?2

2XFoil version 6.96
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This quantity was comparable for all profiles for a given Rage number and inflow angle.

In this context comparable means that the relative diffeesrare within approximately 25%

but in some cases larger. The values are strongly dependehbodwise position and changes
when trip wires etc. are used.

o increases with Reynolds number % decreases. Table 5 shows typical values in deep
stall.

Re ﬁguz
1.60e6 =~ 0.08
3.30e6 =~ 0.04
4.00e6 =~ 0.035
5.00e6 =~ 0.03
6.00e6 =~ 0.02

Table 5 Rough values of scaled pressure standard deviations pnstia showing the decrease
with Re

The chordwise variation is large. In deep stall the standaxdation is largest near the trailing
edge, but when not in stall the standard deviation is veryllsimahe laminar region, and
larger after transition. However, not as large as in stalbuiid transition there is, under certain
conditions, a clear peak value. Typical values in the twbulayer after transition for profiles
not in stall are in the order

o

05002 ~ 0.01-0.02

4.4 Fourier analysis

Figure 6 shows the powerspectra calculated at the diffatemdwise positions of the micro-
phones for a B1-18 profile &e= 1.6e6,0=7.0 degrees. Also seen is the signal from back-
ground microphones. The spectre contains very little gnargil x/c ~0.2. A little further
downstream a peak appears in the spectre around a frequereyL @00 Hz which develops
into a broad Fourier spectre a short distance downstreamsiftall peak is the initial instabil-
ity around the Tollmien-Schlichting frequency (this isated further in section 4.5).

B118-Re16a, Suction side, a = 7.0, Re = 1.6e6

background mics.
profile mics.

)
A
/7
i

X
i
/7

7]

&

Figure 6 Power spectra versus chordwise positionsfer.0 degrees
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4.5 Tollmien-Schlichting frequencies

The Tollmien-Schlichting frequencied+(s or w) can be read from the fourier spectre. The
following results are for a clean B1-18 profile without tuldmce grid. Figure 7.left showls s
at differenta andRe The results are reported using the following dimensiantgsups.
U & wv

Rey: = - U—g
0" is the displacement thickness adg is the tangential velocity at the distandefrom the
profile, both are calculated using XFdil.andv are the windtunnel velocity and the kinematic
viscosity of air (1.50e-5#is). Figure 7.right shows a plot of these groups. This shoitls w
some succes that the data scales to comparable value$éi.ealties collapses onto a line).
The numerical values are comparable with those reported]|ipdge 354 for a flat plate, but
are approximately 25% lower. The results of Figure 7 strpmglicates that it is in fact the
Tollmien-Schlichting frequency which is observed.

10000

* LM:Re=5.0e6

200

* LM, XFoil:Re=5.0e6

9000/l © LM:Re=4.0e6 N o LM,XFoil:Re=4.0e6
~ LM:Re=3.0e6 4 LM,XFoil:Re=3.0e6
8000} 150}
2 )
7000} <
L~ -
T ° L A A
Z 6000 e > 100t
Q—E . . . 5] 2 B
5000f - 3
o o o o o o oo IN B N o
I ] 50( a I
4000 N AA a 0© gA A .?oo'
3000} s s s s 0a
L L O L L 1 L
20007 0 5 10 500 1000 1500 2000
o [degree] Re& = Ud*Iv

Figure 7. Left: Tollmien-Schlichting frequencies. Right: Dimeasless groups

4.6 Development of boundary layer visualized by Fourier spectra

The Fourier spectra reveals information about the changésel boundary layer as is in-
creased. Figure 8 shows (in row major order) resultsifof4.0, 6.0, 6.5, 6.75, 8.0, 10.0} degrees
for a clean B1-18 profile @e=5.0e6. Initially the boundary layer is clearly divided into a lam
inar and a turbulent zone. At=6.0 disturbances occour near the leading edge which gnotis a
eventually merges with the turbulent zonexat10.0.

In Figure 8 it is seen that the microphones does respond qodreces as high as the Nyquist
frequency, meaning that aliasing becomes a problem. Térexdbw pass filters should be used
in the future. The method for transition detection desdilbesection 4.7 is not sensitive to this.

SSee e.g. [4]

12 Risg—R-1645(EN)



B118-Re5a, Suction side, a = 4.0, Re = 5.0e6 B118-Re5a, Suction side, a = 6.0, Re = 5.0e6

background mics.
profile mics.

background mics.
profile mics.

B118-Re5a, Suction side, a = 6.5, Re = 5.0e6 B118-Reba, Suction side, a = 6.8, Re = 5.0e6

background mics.

background mics.
profile mics.

profile mics.

B118-Reb5a, Suction side, a = 8.0, Re = 5.0e6 B118-Reb5a, Suction side, a = 10.0, Re = 5.0e6

background mics.
profile mics.

background mics.
profile mics.

P [Pa]

S aposrao~

250

Figure 8 Fourier spectra for increasirg

4.7 Correlation between max{%} and transition

Results shows a good correlation between the largest yosliérivative of the mean of the
Fourier spectre and the transition point and this is the otetised for automatic detection.
Refer to section 3 for details. Figure 9 shopwsagainsta andx/c and the corresponding
contour plot for a clean B1-18 profile Be=5.0e6. There is a band of close contours indicating
a high derivative and therefore transition. In this casdtined is approximately 5% of the chord
wide, indicating that the full transition from laminar torbwlent flow happens over 5% of the
chord. Typical values are 5 to 10% but in some cases the ti@msiccours over a larger part
of the chord. This is sometimes the case when the inflow tartod is increased which causes
a transition nearer to the leading edge.0At=5-7 degrees there is a region at the leading edge
with a high noise level, but because the transition is detkas the highestositivederivative

it is atx/c ~0.3. However, in general it should be expected that theitransnay be detected
erroneously to be at the leading edge. The 3D and contous plidk clearly show what is
correct.

Instability sets in at the leading edge of the band of corstoug. a short distance upstream of

Risp—R-1645(EN) 13



the defined transition point. This is where the Tollmien ®tting frequencies are observed
and it is equivalent to a large second order derivative. Go@ntity is not easily calculated
numerically and automatic detection of instability has Ime¢n attempted.

In this case XFoil fails to predict the transition accuratielr o < 5degree, something which
was also seen in other cases.

Re5a, Suction side, Re = 5.0e6 Re5a, Suction side, Re = 5.0e6
1 N T T T
|.l1(F‘s) cont.
0.9 B118Re50M25Ncr9.pol - ]
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0 = =
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Figure 9 Left: 3D plot of yy (Ps). Right: Countour plot and transition points calculated FoX

The actual value of the derivative at the detected tramsiSamportant because a low value
indicates no transition and a medium value indicates aitranver a large chordwise span. A
high value indicates a sharp transition. The 3D and contlmis pvill clearly show what is the
case. The numerically detected transition points are dtioréext files (example given below)
the third column is the calculated derivative. Notice thas s the derivative of the smooth
data and it can have a substantial error. This author recomsrihat any value lower than
35000 is taken to indicate no transition.

B118-Re3a

alpha [degrees] angle of attack

Xtr* [-1 transition point (x*=x/c) predicted by max[d(mul(Ps))/dxx*]
d(mul) /dx* [Hz/-] d(mul(Ps))/dx* evaluated at xtr* (=max[d(mul(Ps))/dxx])
max (mul) [Hz] max mul of all chordwise positions

alpha  xtrx d(mul)/dx* max(mul)

-18.00 0.6823 18416.4 3767.8
-16.00 0.6823 18663.5 6183.6
-14.00 0.6823 14308.4 7002.6
-12.00 0.6907 54317.7 7916.0
-10.00 0.5358 53303.7 8676.9
-8.00 0.3558 64614.4 8907.9
-6.00 0.3558 68653.6 9064.3
-4.00 0.3558 68045.0 9277.7
-2.00 0.3558 73670.8 9399.6
0.00 0.3558 70077 .4 9184.7
2.00 0.3516 60009.1 9127.9
4.00 0.3098 71225.2 9383.8
5.00 0.3098 76517.2 9830.1
6.00 0.3056 77583.3 10096.1
7.00 0.2679 74647.0 10424 .1
8.00 0.1339 64073.3 12070.1
9.00 0.0460 108102.8 13340.4
10.00 0.0460 102213.7 13183.4

4.8 Accuracy

There is a relative large distance between the microphameshés can be expected to affect
the accuracy, but this is only a serious problem if the ttasipoint is detected by peaks in
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0. Figure 6 shows the good agreement between transitiontddtbg peaks i compared to
XFoil calculations for a clean B1-18 profileR&=1.6026 . The errorbars indicate the distance to
the neighbour microphones and because any peaks betwermphuoes can not be detected
this also indicates the uncertainty. The method of secti@rpértly overcomes this problem
becausey can be interpolated succesfully between microphones. &&son is thagy under
transition grows monotonically to an upper value of apprately 10000Hz, and then it main-
tains this value or decreases slowly. Thisbehaves very well under transition. The number
of microphones can be kept relatively low and the risk of fioteraction is minimized.

—— XFoil: N__,=4 (0.563%)
o09f N —— XFoil: N__,=6 (0.245%)
" - - -XFoil: N_,=8 (0.106%)
Y ~ — XFoil: N_ =9 (0.070%)
07F T W - LM: max(st.dev)

08

06

05k

X lrlc [-]

04

03

02fF

01f

0 5
o [degrees]

Figure 1Q Transition detected by peaksancompared to XFoil calculations

High frequency standing waves may occour in the microphasiesh but no measurement
has indicated that this is significant. |.e. there is no peathé spectra which is repeated in
measurements.

The response functions of the microphones has not been cechpehis should be done in
order to detect faulty microphones before doing measur&an@&here are indications that the
microphones did not have the same gain in the NACA0015 measnts, something which
can be verified by comparing microphones on the upper andrlside at zero degree angle
of attack, where the response of this symmetric airfoil $thdne the same. Notice thaf is
independent of gain errors.

Numerical differentiation ofy is not easy, but in this work it is made stable by the use of
smoothing. The major drawback is that leading edge noiséntaract with the noise related
to transition, if the transition is close the leading edglee Tesult is that transition can not be
determined accurately if within approximately 10% of thedimg edge.

5 Results

In this section the autodetected transition points aregptesl. All results are for cases without
turbulence grid.

5.1 Transition points on clean profiles

Figure 11 shows automatically detected transition poiotsfean profiles without turbulence
grids. As mentioned earlier there is uncertainty relatethédetection near the leading edge
and this can be seen in the plots (i.e. the values in the ralegf 0.1] are uncertain). When
not near the leading edge it is seen that the transition poaves closer to the leading edge
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with increasing Reynolds number and the inflow angle whezdrtmsition moves fast forward
to the leading edge decreases with Reynolds number. No@tétis angle can be determined
with great accuracy and that the uncertain data for highglearis not important because the

transition point is known to be very near the leading edgevaryy

The results for the NACA 0015 profile may have been affecteddayity around certain mi-
crophones. Furthermore, the microphones were placed tjrdownstream of each other and
upstream microphones may therefore have affected thetsdgel by causing early transition).

B1-18. Clean. No grid

C2-18. Clean. No grid
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Figure 11 Transition points on clean profiles, no turbulence grids

5.2 Effect of leading edge roughness

Figure 12 shows contourplots @gf (Ps) for a B1-18 profile aiRe=3.0e6 no turbulence grid,
with and without leading edge roughness, respectivelys haticed that XFoil predicts the
transition well on the clean profile far >-2deg. With leading edge roughness the transition
occours near the leading edge tor--5deg. In general, LER triggers transition even without
turbulence grids (i.e. low turbulence intensity) at low Relgs numbers. For higher Reynolds
numbers the transition point stays close to the leading edigeven lower (more negative)
angles of attack. Figure 13 shows the autodetected trangitints.
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B118-Re3a, Suction side, Re = 3.0e6

HM’S) cont. '
B118Re30M15Ncr9.pol --------
»‘ B118Re30M15Ncr8.pol -~
08 i B118Re30M 1BNarR0l |
’ > BI1BRA3QMIENCKEppTy -
= Lf>> S
06 F T — —
! ’ N — —
2 RS :
04 (/‘ N
0.2 Db l,
- j(k NS
S e S

0
al’]

Figure 12 Left: Contour plot ofy, clean profile. Right:

roughness (LER)
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Contour plot ¢f, with leading edge
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Figure 13 Transition points on profiles with leading edge roughnesegurbulence grids

5.3 Effect of trip wire

Figure 14 shows a contourplot of the same data as in sectibbui.for a profile with trip
wire/bump tape attached instead of LER. Comparing with fEdLR.left, showing the clean
profile, the difference is very small. The effect is that ttansition jumps to the leading edge at

o ~6deg. instead ofi ~7.5deg. FolRe=1.6e6 there is

no noticeable effect, but Re=6.0e6

there is a large effect and the transition jumps to the l@péitige ato ~0deg. instead of

ata ~6.5deg. It is concluded that the effect of the

trip wire degsestrongly on Reynolds

number. Figure 15 shows the autodetected transition pdiatsce that if turbulence grids are

mounted there is a noticeable effect eveRat1.6e6.
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Figure 14 Contour plot ofyy, with trip wire bump tape.

B1-18. Tnp Wire / Bump Tape. No grld

C2-18. Tr|p Wire / Bump Tape. No grld
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Figure 15 Transition points on profiles with trip wire, no turbulergeds

5.4 Effect of ZZ90

Figure 16 shows a contourplot of the same data as in sectibhub.for a profile with ZZ90
attached instead of LER. The effect is the same as for thénigadge roughness (LER). Figure
17 shows the autodetected transition points.
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B118-Re3b, Suction side, Re = 3.0e6
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Figure 16 Contour plot ofyy, with ZZ90
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Figure 17 Transition points on profiles with ZZ90, no turbulence grid

5.5 Effect of turbulence grid

Unfortunately the turbulence intensity, with turbulene&lg mounted, has not been measured
succesfully. The results clearly shows that the increasdmlitence forces the transition points
closer to the leading edge. Refer to [1], [2] and [3] for detabout specific cases.
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6 Archived data

The results for a large number of experiments are given itettenical reports [1], [2] and [3].
This includes tables of the detected transition points andraber of plots showing standard
deviation and Fourier transform data; ). Plots of the fourier transforms themselves are not
included.

The data in file format is accessible from
\\veadbs-02\archive\MicroTunnel

on the Risg internal net. The power spectra given by (4) aredtin binary.tim files. For
each increasing-value a 4 byte data-value is stored for all 80 channels daagto increasing
channel number. The size of the files are therefore

size = 2049 k-values 80 channels< 4 bytes = 655680 bytes

Notice: When XFoil results are included in figures they cqroesl to the case of a clean airfoll
(free transition) in most cases (but not all !). This is damerider to quickly compare the effect
of e.g. leading edge roughness to the clean airfoil. Somgthihich is possible because the

XFoil results in general predicts the transition on cleafods well. Again, there are exceptions
!
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7 Conclusion

A method for determining transition on airfoils has beersprged. The method is numerically
stable which enables a large amount of data to be analyseieffy and the transition to be
detected automatically. Some care must be taken when usiodetected transition points. The
numerical differentiation of Fourier data are in some cas#saccurate near the leading edge.
E.g. contour plots clearly shows a high derivativedat=5% but it is detected at 10%. When
not near the leading edge, transition can be detected debueven though a relatively low
number of microphones are used. The method implementedtgléke transition in progress
wich happens over a substantial part of the chord. The lnitgability is well defined and
can be determed by manually inspecting data and identiffatignien-Schlichting frequency
peaks or a large second order derivative of the Fourier spaatan.

A large amount of data has been analysed and the transitinhyaler various conditions has
been reported for the Risg B1-18, Risg C2-18 and NACAOO1§lerd-or clean profiles the

transition moves towards the leading edge with increasieynBlds number.

The effect of trip wire / bump tape on the Risg profiles is sjfgrdependent on Reynolds
number. AtRe=1.606 they are largely unaffected but strongly affecte®eat6.06.

Z790 and leading edge roughness both triggers transitiomeidiately.

The microphone layout on the NACA-0015 profile may have cdueseised early transition in
some cases !
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